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A B S T R A C T 
The kinetics of amorphization in crystalline Si02 (oi-quartz) under irradiation with swift heavy ions (0+1 
at 4 MeV, 0+4 at 13 MeV, F+2 at 5 MeV, F+4 at 15 MeV, Cl+3 at 10 MeV, CI*4 at 20 MeV, Br+5 at 15 and 
25 MeV and Br+8 at 40 MeV) has been analyzed in this work with an Avrami-type law and also with a 
recently developed cumulative approach (track-overlap model). This latter model assumes a track mor-
phology consisting of an amorphous core (area <J) and a surrounding defective halo (area h), both being 
axially symmetric. The parameters of the two approaches which provide the best fit to the experimental 
data have been obtained as a function of the electronic stopping power Se. The extrapolation of the <j(Se) 
dependence yields a threshold value for amorphization, Stj, ~ 2.1 keV/nm; a second threshold is also 
observed around 4.1 keV/nm. We believe that this double-threshold effect could be related to the appear-
ance of discontinuous tracks in the region between 2.1 and 4.1 keV/nm. For stopping power values 
around or below the lower threshold, where the ratio h/a is large, the track-overlap model provides a 
much better fit than the Avrami function. Therefore, the data show that a right modeling of the amorph-
ization kinetics needs to take into account the contribution of the defective track halo. Finally, a short 
comparative discussion with the kinetic laws obtained for elastic collision damage is given. 
1. Introduction 
The structural modifications induced by charged (or neutral) 
particles on materials [1-3] are a key issue to allow for the reliable 
operation of nuclear fission reactors and to minimize the deleteri-
ous effects associated to the storage of the nuclear radioactive 
waste [4,5]. The damage problem may be even more demanding 
for the future fusion reactors given the high neutron fluxes and 
temperatures reached during operation of the confined plasma 
[6] or the extreme power of laser pulses for inertial systems [7]. 
Moreover, there are many other technologies where ion-beam 
damage is, or could be, quite relevant such as ion-implantation, 
ion-beam patterning, lifetime of components and devices in space 
missions and hadron therapy. 
The amorphization of crystalline materials by ion beams is usu-
ally produced during the final stages of the damage, when the de-
gree of lattice disorder has reached a sufficiently large value. 
Depending on the kind and energy of the incident ion, the damage 
for dielectric materials can be predominantly produced either by 
elastic collisions between the bombarding particles and the atoms 
of the material (i.e., the damage related to the nuclear stopping 
power, Sn) or by the relaxation of the electronic excitations pro-
duced by the incoming particles (i.e., the damage associated with 
the electronic stopping power, Se). Out of these two contributions, 
the nuclear damage and amorphization has been extensively stud-
ied [8-11], whereas damage in the electronic stopping regime is 
still poorly understood. However, it is becoming increasingly clear 
that the relaxation of the high electronic excitation associated with 
Se plays a fundamental role in the ion-beam induced damage and 
the subsequent amorphization process [12,13], at least in the case 
of dielectric materials. It has been widely documented that the im-
pacts of swift heavy ions (where the electronic stopping regime 
dominates) on several dielectric targets generate individual tracks 
along the trajectory, whenever a certain threshold stopping power 
is overcome [14-16]. These observations are often explained 
through a thermal spike approach involving lattice melting and 
re-solidification of the heated material around the ion trajectory 
[17,18]. More recently, a different theoretical scheme has been 
developed for some crystals (e.g., LiNb03) in which the damage 
process, including track formation, is analyzed as a cumulative pro-
cess that occurs via formation of point defects. When the defect 
concentration reaches a certain threshold value the lattice col-
lapses into an amorphous phase. Several specific models for defect 
creation have been proposed, including thermally-assisted bond 
breaking [19] and non-radiative exciton decay [20,21]. We con-
sider that these models appear better suited to account for the 
structure and morphology of the damage tracks consisting of an 
amorphous core surrounded by a halo of point (and maybe ex-
tended) defects. Unfortunately, direct experimental evidence for 
the occurrence and structure of the halo is scarce [22-25] due to 
the lack of enough structural sensitivity of TEM, and RBS/C but 
there have been some new developments; for instance, SAXS has 
been recently used to study the morphology of the tracks in silica 
[26]. Anyhow, the amorphization kinetics offers a relevant method 
to monitor the evolution and structure of ion-beam damage as 
illustrated in this paper. 
As for the amorphization kinetics in the electronic excitation re-
gime, it is generally accepted that for low-enough stopping powers 
it is sigmoidal (Avrami-type), with a null or very small initial slope 
[27-31]. When the stopping powers are increased above the 
threshold value for track generation, then the Avrami kinetics 
turns into a Poisson behavior. All those data suggest that the dam-
age proceeds through accumulation of radiation-induced defects 
that finally collapse into a new amorphous phase. Therefore, one 
expects that the kinetics of accumulation provides relevant clues 
to understand the structure of individual tracks. We have recently 
proposed a general cumulative scheme to describe damage [32], 
which is independent of the particular mechanism causing bond 
breaking and defect formation. It assumes that every impact gener-
ates a track consisting of an amorphous core of cross-section a sur-
rounded by a halo of area h. Moreover, we assumed that the 
superimpositionofa fixed number JV of halos results in amorphiza-
tion. The model was applied to fit some data for LiNb03 [32] and 
the results were very stimulating. In addition, a Monte Carlo code 
based on such specific defect-creation model for LiNb03 has been 
able to simulate the morphology and kinetics of amorphization 
[33]. Finally, it is important to mention that although in the previ-
ous discussion we have implied that the pristine material is crys-
talline and the damaged track is amorphous this is not a 
requirement of our model but a limitation of data from the RBS/C 
technique. If the damage kinetics is obtained by a different method 
(e.g., optical techniques [34]), able to distinguish between the 
properties of damaged and pristine regions, then, the track-overlap 
approach remains perfectly applicable, even in the absence of 
amorphization. 
The purpose of this paper is to discuss the kinetic data obtained 
by swift-ion irradiation on crystalline Si02 (a-quartz), covering a 
wide range of electronic stopping powers around and above the 
threshold value. Although some rather similar studies have been 
reported [18,27], they are based on the concept of thermal spike 
and, consequently, they do not analyze the generation and accu-
mulation of point defects that we consider a key point for a proper 
understanding of the amorphization process. Our experimental 
curves have been simulated with an Avrami-type kinetics as well 
as by the recently proposed track-overlap (TO) model [32]. For this 
latter case, the physical parameters {a, h and JV) have been deter-
mined as a function of the electronic stopping power Se. Aside from 
providing a more physical insight into the damage kinetics; this 
model appears better suited to describe the experimental data than 
the Avrami curves, particularly in the initial low-fluence region 
(i.e., where the accumulated damage is still low). Some implica-
tions of these results on the structure and mechanisms of elec-
tronic damage are discussed. 
2. Track-overlap model 
Here, we summarize the main conclusions and formulae for the 
recently proposed track-overlap model [32]. In this approach we 
have assumed that every impact generates a cylindrical track con-
sisting of an inner amorphous core of cross-section a, surrounded 
by a homogeneous defective halo of area h in the transversal plane 
(Fig. 1). The superimposition of a fixed number JV of halos leads to 
local amorphization, whereas the amorphous structure is not fur-
ther modified by the track overlap. This model resembles the ap-
proach developed by Gibbons [35] to describe amorphization by 
elastic nuclear collisions from light ions, as well as the pre-damage 
effect. It assumes that every projectile ion creates a heavily dam-
aged region through atomic displacements (defect cluster) that be-
comes amorphous after JV-tuple overlapping. However, our model 
is more general, as long as it includes a more complex morphology 
of the damage tracks and the overlapping between amorphous and 
pre-amorphous zones. Moreover, the structure of damage by swift 
ions appears better defined and has sharper amorphous-crystalline 
boundaries, which is more suitable for the model. Then, the general 
formula giving the total amorphous area S as a function of impact 
density <j> (fluence) is [32]: 
S«>) = 1 - exp(-ff^) exp(-h^) M + ! > V / i ! j (1) 
where JV is the number of successive impacts required to amorphize 
the crystal by overlapping of halos. One important feature of that 
expression is that the halo also contributes to the initial slope of 
the curve and so the kinetics is not strictly Poisson even for a ^ 0 
(i.e., when every ion impact produces direct amorphization). Of 
course, if h < a (predominance of the core area) the Poisson kinet-
ics is, very approximately, recovered. Another relevant feature of Eq. 
(1) is that, for a = 0, the initial region of the curve grows as hN. 
Now, the experimental data can be adjusted using expression 
(1) and the following procedure. Firstly, a linear fit is done for 
the low-fluence data, in order to derive an approximation for the 
value of the parameter a. If the y-intercept of the fitted line yields 
a value below zero (statistically significant), then the result is 
interpreted as a = 0. If the fit is compatible with the fitted line 
crossing the origin, then a is just its slope. Then, the value of h is 
determined from a fit, performed with a fixed to the previously 
R(nm) 
Fig. 1. Schematic representation of the ion tracks used in the track-overlap model, 
they consist of an amorphous core surrounded by a partially-damaged halo. 
Table 1 
Electronic stopping power and projected range for the ions used in this work, 
calculated using SRIM 2008 [38,39]. 
dered) fraction / at the surface of the sample is obtained through 
the standard expression for crystalline materials [40], 





































obtained value. Finally, a second fit is done with both parameters 
free. This procedure is identical to the one we used in the original 
paper on the track-overlap model [32]. 
3. Experimental 
Single crystal synthetic quartz samples, 1 mm thick and with a 
surface area of 7 x 8 mm2, were used for these experiments. They 
were irradiated in the 5 MV Tandetron accelerator at Centro de Mi-
cro-Análisis de Materiales (CMAM) [36], using an angle of five de-
grees with respect to the [0001] sample normal to avoid the 
channeling condition. Different energies and ions were selected, 
in order to vary the electronic stopping power from slightly below 
to far above the amorphization threshold, estimated to be ~2 keV/ 
nm [37]. The irradiations were performed using 0+1 at 4 MeV, 0+4 
at 13 MeV, F+2 at 5 MeV, F+4 at 15 MeV, Cl+3 at 10 MeV, Cl+4 at 
20 MeV, Br+5 at 15 and 25 MeV and Br+8 at 40 MeV; with fluences 
ranging from 2 x 101 2cnr2 , where almost no amorphization is 
produced, to 2 x 101 4cnr2 , where the sample surface was com-
pletely amorphized. In all cases the ion current was kept below 
20 nA (ion flux between 109 and 1010 particles/(cm2's) to avoid 
sample heating. The electronic stopping powers at the sample sur-
face and the projected range, calculated using SRIM 2008 [38,39], 
are given in Table 1. They show that the electronic stopping regime 
is clearly dominant. Small metallic masks were fixed to the surface 
of the samples, in order to avoid electrical discharges. 
The disorder induced by the irradiation was measured by RBS 
channeling (RBS/C), with helium at 3.035 MeV [29,40]. Some typi-
cal RBS/C spectra, obtained from the samples irradiated with Cl+3 at 
10 MeV, are illustrated in Fig. 2. The induced amorphous (disor-
1400 
800 
Fig. 2. Representative RBS/C spectra measured with a probe ion beam of He at 
3.035 MeV, corresponding to the irradiations with Cl+3 at 10 MeV. The irradiation 
fluences are indicated in the figure. 
'^{channeled) - '/^{channeled) 
Xv(random) - xv(channeled) ' (2) 
where x is the RBS yield, either in channeled or random configura-
tion, and the subíndices vand i denote the virgin (i.e., pristine) and 
irradiated samples, respectively. 
4. Results and discussion 
Fig. 3 shows the experimental curves, depicting the disordered 
atomic fraction at the surface of a quartz sample as a function of 
the irradiation fluence for the selected ions. The damage curves 
span a wide range of fluences, since we obtain the area of the core 
and the halo from the fit of the whole kinetics. In other words, 
samples must be irradiated until complete surface amorphization 
is obtained and this value is dependent upon the ion and energy 
used. Independent measurements of the threshold for track amor-
phization yield Sth ss 2 keV/nm [37]; based on this, we selected the 
analyzed cases trying to cover the region going from below to far 
above such threshold. The experimental curves clearly show the 
expected trend; i.e., sigmoidal kinetics for low stopping powers 
that progressively changes to Poisson behavior above the 
threshold. 
4.1. Data analysis with an Avrami kinetics 
The common practice in the literature is to fit these experimen-
tal curves using the Avrami kinetics, given by the expression: 
/ = l - e x p { - ( ^ 0 ) " } (3) 
where the two parameters, n and <j>0, account for the abruptness of 
the rising part of the sigmoid and for the initial incubation fluence, 
respectively. The Avrami kinetics offers a reasonable overall 
description of experimental curves for the lighter ions, as shown 
in Fig. 3. However, it cannot accurately describe the initial stage 
of amorphization for stopping powers near or slightly above thresh-
old, as illustrated in the same figure. This is because the initial slope 
of any Avrami kinetics (with n > 1) is zero, whereas experimental 
curves show a finite initial slope. In other words, Avrami's parame-
ters are not sensitive enough to distinguish between the sub-
threshold and above-threshold regimes. The discrepancy may be a 
consequence of the complex morphology of the damage tracks, 
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Fig. 3. Fit of damage fraction curves with track-overlap model (continuous lines) 
and Avrami kinetics (dashed lines). 
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Fig. 4. Dependence of ¡p0 and n on stopping power. The lines are just a guide to the 
eye. 
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2.9 ± 0.3 
2.1 ± 0.2 
1.8 ±0.1 
1.5 ±0.1 






















inner amorphous core and the surrounding defective halo (track-
overlap model). 
In Fig. 4 we plot the dependence of the Avrami parameters on 
stopping power Se; the model's parameters obtained from the fit 
are also shown in Table 2. The dependence is in accordance with 
that obtained for other dielectric materials [28-30] and confirms 
a general trend: n > 1 for stopping powers below threshold and 
decreases down to an asymptotic value, n = l, for high enough 
stopping powers (Se > Sth) [30]. In other words, one should remark 
that the exponent n remains above 1 even for stopping powers 
somewhat higher than the threshold value. Therefore, this result 
poses some caution on the usual procedure of determining the 
threshold stopping power values Sth by extrapolation of the initial 
slope of the amorphization curve. 
4.2. Analysis by the track-overlap model 
For comparison purposes we have also fitted all the experimen-
tal data in Fig. 3 with Eq. (1) for the track-overlap model (continu-
ous lines) using appropriate parameters (N, a and h), which are 
physically meaningful. The optimal value of N was determined 
by fitting the data with the expressions obtained for several values 
of N, ranging from 2 to 7 (not shown). It was found that a value 
N = 4, precisely the same value that we had previously obtained 
for lithium niobate [32], provided the best fits [41]. On the other 
hand, one sees that the TO model also provides a good quantitative 
description of the experimental data, like its Avrami counterpart, 
but appears better suited to describe the experimental points in 
the low-fluence region. The contribution of the halo, as determined 
from this model, to the damage kinetics is illustrated in Fig. 5 for 
the case of F at 5 MeV and Br at 15 MeV. 
Br 15 MeV 
- Track-overlapping 
(a = 2 6 . 1 nm2 , h = 53.0 nm2% 
• Poisson (a = 26.1 nm % 
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Fig. 5. Decomposition of the contribution of the core (Poisson) and the halo 
(difference between the total curve and the Poisson one) in the TO approach for 
fluorine at 5 MeV (a) and bromine at 15 MeV (b). 
Table 3 
Values of the track-overlap model parameters a and h, obtained from the fits and 
radius of the core (rc) and thickness of the halo (th), calculated from the areas by 























0.6 ± 0.2 
0.2 ± 0.1 
1.0 ±0.5 
7 ± 1 






4.6 ± 0.8 
2.5 ± 0.5 


























The best-fit values for the TO model parameters, a and h, are 
listed in Table 3 and plotted as a function of stopping power Se near 
the threshold value in Fig. 6. We can see that for oxygen and fluo-
rine the core areas a are comparatively small (<1 nm2) and the 
track morphology is strongly dominated by the halo (a few square 
nanometers). This is due to the close proximity of Se to the thresh-
old value; indeed, a = 0 for irradiation with O at 13 MeV (Se = 2.0 -
keV/nm) where we are just below the threshold. The dependence 
of a on stopping power is approximately logarithmic for the region 
2.0 keV/nm <Se< 5.0 keV/nm, allowing for a precise determination 
of the threshold (2.1 keV/nm) using the equation developed by 



















Fig. 6. Dependence of a (a) and h (b) on stopping power. The continuous lines in (a) 
are a fit of the data using the model developed by Szenes [42] for the slow (red) and 
fast (green) grow regions, whereas the orange dashed line represents the linear-
growth region. The blue continuous line in (b) is a Gaussian fit of the h values. 
Sf the threshold stopping power) [42] (Fig. 6a). This initial slow-
grow region is followed by a rapidly growing stage, which finally 
slows down. It should be noted that the increase observed in the 
second region is far higher than the one expected for the linear 
zone above SeISth > 2.7 [42] (orange1 dashed line); a similar effect 
has been also observed in LiNb03 [43]. A new extrapolation with 
Szenes' model of the rapidly increasing stage suggests the existence 
of a second threshold at around 4.1 keV/nm (Fig. 6a). It is not clear to 
us which is the origin of this double threshold but one can speculate 
that the region between both thresholds may correspond to discon-
tinuous track cores; this effect has been already reported for a num-
ber of different materials [18,44,45]. 
On the other hand, the curve, h vs. Se (Fig. 6b), grows steadily up 
to a maximum around 4 keV/nm and then, decreases down to zero. 
Up to Se = 5 keV/nm the size of the halo is dominant (h > a), 
whereas above 6 keV/nm its contribution becomes negligible, in 
accordance with a well-defined Poisson behavior for the amorph-
ization kinetics. This reduction of the halo for the higher values 
of Se is somewhat counterintuitive and could be related to the 
annealing of the defective zone produced by the high temperatures 
reached in these cases. A more detailed discussion of these data 
would require a physical model for the structure of the irradia-
tion-induced tracks. 
1
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5. Physical implications on the structure and mechanisms of 
SHI damage 
The good agreement between the track-overlap formulae and 
the experimental amorphization kinetics provides strong support 
for the cumulative models of track formation, irrespective of the 
precise microscopic mechanisms. Most theoretical analyses of the 
amorphization cross-section are based on the thermal spike ap-
proach [17,19]. However, the significant contribution of the halo 
in the near-threshold region strongly suggests that one should in-
voke cumulative models that are consistent with the dual core/ 
halo morphology of the tracks. In particular, one may use the the-
oretical scheme developed for LiNb03, which relies on a strong 
synergy between the non-radiative exciton decay and the high 
temperatures reached at the thermal spike. Every ion impact gen-
erates a certain radial profile of defect concentration with a nano-
metric width around the ion trajectory; a Gaussian distribution 
might be a good option. In fact, the shape of such distribution 
has to be related to the number of successive impacts N that are re-
quired in the overlapping model to induce amorphization. Then, 
when this distribution reaches a critical local concentration, the 
crystal lattice collapses through a defect-assisted phase transition 
and amorphization is induced. The central amorphous (collapsed) 
region constitutes the core of the track, whereas the surrounding 
cloud of defects constitutes the so-called defective halo. It can be 
readily understood that the relative extension of the halo in com-
parison to the core decreases on increasing stopping power. When 
two impacts are close enough the two associated defect distribu-
tions overlap and the defect concentrations are added, so contrib-
uting to the extension of the amorphous area. The situation for the 
damage kinetics in the electronic regime does not differ much from 
the one that has been studied for the elastic collision regime (see 
Section 6). One may, then, understand that the role of the halo is 
particularly relevant for low stopping powers and decreases for 
high stopping powers. The data in Fig. 5 indicate that, for stopping 
powers close to the threshold, the halo is much more extended 
than the core, as expected. However, no halo is obtained for the 
higher values of Se, showing that it basically plays no role in these 
cases (i.e., they follow a Poisson kinetics). A more thorough analy-
sis of the data would require a definite physical model yielding the 
radial profile of the generated defect concentration, as proposed for 
LiNb03. For quartz, available data [46,47] point to an electronic 
mechanism as responsible for the damage. In fact, a number of 
experimental and theoretical works support [48-51] the non-radi-
ative exciton relaxation as the mechanism accounting for point de-
fect and color center formation. However, a quantitative exciton 
model to account for the damage features is still pending. 
6. Comparison with amorphization by elastic collisions 
It appears useful at this stage to present a brief comparative dis-
cussion of our results with those already achieved for ion-beam 
damage caused by elastic collisions, which has been more thor-
oughly investigated. Most information on this type of damage 
has been collected for low energy (<100keV) irradiation, where 
elastic collision processes are clearly dominant. A relevant example 
is silicon, due to the extensive use of ion-implantation doping in 
the semiconductor industry [52]. In a simplistic approach it is as-
sumed that amorphization is produced when a critical defect con-
centration is exceeded. Although this idea contains part of the 
truth, the situation appears much more complicated as described 
in several reviews [9-11]. In principle one may distinguish homo-
geneous mechanisms in which defects do not keep memory of the 
displacement cascade so that the process of defect accumulation 
is purely additive and amorphization occurs at a critical (thresh-
old) defect concentration. However, most models rely on heteroge-
neous mechanisms, as reported for ZrSi04 and SrTi03. They include 
direct-impact (in-cascade) mechanisms or defect accumulation by 
cascade overlapping, and nucleation (and growth) limited models. 
Some combinations of those primary mechanisms are also possible 
and other effects such as local heating associated to displacement 
cascades can also play a role in achieving the amorphous phase. 
Those mechanisms yield quite different kinetic responses [10]: di-
rect processes yield a Poisson-type law whereas for the other 
mechanisms sigmoidal curves are obeyed. 
Our results for the case of electronic excitation damage stress 
indicate that, in spite of the very different microscopic mecha-
nisms, the kinetic behavior follows similar rules to those for dam-
age by elastic collisions. One has direct amorphization processes by 
single impacts, that obey approximately a Poisson kinetics (as a re-
sult of track overlap) and processes not causing direct amorphiza-
tion but requiring accumulation of defects coming from different 
ion impacts. However, there are a number of differences. One of 
them has to do with the spatial (transversal) scale of the damaged 
regions (tracks), which are of nanometric size for electronic pro-
cesses and micrometer size for elastic collisions. On the other hand, 
the thresholding behavior separating the Poisson and sigmoidal ki-
netic laws is much sharply defined for electronic damage. Above a 
well-defined threshold value of the electronic stopping power the 
behavior can be described by the Poisson kinetics regardless of the 
type of ion. Below such threshold one has a sigmoidal (Avrami-
like) kinetics. Our study indicates that the different behavior can 
be well understood if one takes into account the detailed morphol-
ogy of the damage track, consisting of an amorphous core and a 
defective halo. Depending on the relative size of such halo one ob-
serves either Poisson (negligible halo) or sigmoidal (relevant halo) 
behaviors. 
7. Conclusions 
The analysis of the amorphization kinetics for quartz in the 
electronic stopping regime clearly shows that it can be very well 
fitted with a cumulative model, assuming that the track is com-
posed of an amorphous core and a surrounding defective halo. 
The obtained fits are better than those achieved for Avrami-type 
laws, particularly for electronic stopping powers close to the 
threshold value. The analysis (that uses the whole kinetic curves 
and not just the initial slopes) confirms the occurrence of a 
threshold stopping power at around 2.1 keV/nm. A second fast-
growing zone is observed around 5 keV/nm, revealing a new 
threshold near 4.1 keV/nm; we believe that this effect could be 
related with the appearance of discontinuous tracks in the re-
gion between both thresholds. Our results indicate that ion irra-
diation in the electronic regime involves the generation of point 
defects along the ion trajectory and suggests that this threshold-
ing is associated to the existence of a critical concentration trig-
gering a lattice collapse. Future works should try to assess the 
microscopic mechanisms, very likely related to non-radiative 
exciton annihilation in accordance with recent theoretical and 
experimental work. 
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